. Dc and ac magnetic susceptibility studies on complexes 5 and 6 reveal S = 9/2 and S = 4 spin ground states.
Introduction
The field of coordination chemistry regularly provides examples 15 of fascinating homo-and heterometallic molecules with potential applications in disparate fields. For instance in bioinorganic chemistry certain heterometallic manganese complexes have been proposed as biomimetic models for energy and electron transfer processes -one such stimulus being the bimetallic [Mn 4 CaO 4 ] 20 cubane-like catalytic unit within photosystem II (PSII).
1 Mn has also played a pivotal role in the field of molecular magnetism: the anisotropic nature of the Mn III ion means that it is regularly selected as the metal of choice in the synthesis of SingleMolecule Magnets (SMMs) 2 and Single-Chain Magnets (SCMs), 3 25 whilst the isotropic Mn II ion is often employed in the construction of molecular magnetic refrigerants. 4 This field has also seen a rennaisance in the synthesis of heterometellic 3d/4f cluster compounds, driven, in the main, by the tuneable anisotropy of the lanthanide ions, 5, 6 offering the chemist the opportunity to vary the 30 physical properties of a molecule without altering its structure. Moreover the deliberate inclusion of diamagnetic metal ions, including 2p (Na 
) ions within large molecular architectures can also afford the chemist vital insights into the magneto-structural relationship, by allowing 35 the elucidation of the magnitude and sign of specific M-L-M magnetic exchange pathways when directly compared to their paramagnetic analogues. 7 Herein we describe how we are able to produce both homo-(3d) and heterometallic (2p-3d) polynuclear complexes depending on the specific reaction conditions 40 employed. We describe firstly the synthesis and magnetic characterisation of two tetranuclear mixed-metal complexes of general formula [Na 2 M 2 (X) 2 ) pseudo metallocalix [6] arene complexes whose structures give rise to the formation of H-bonded molecular host cavities which are shown to accommodate numerous guest species in the solid state. 8, 9 Building on this work and diversifying towards other 1 st -row transition metals we have found that the reaction of an Fe III (Figure 1) are isostructural, each crystallising in the monoclinic P2 1 /n space 10 group, and will therefore be described collectively. Selected interatomic distances and angles for all complexes are listed in Tables S1-3. Tables 1 and 2 In both 1 and 2 an inversion centre is located at the midway point between the two paramagnetic centres occupying the central body positions. In each case the four metal centres are linked by µ 3 -40 bridging ions, ¯OMe in 1 and 'end-on' (EO) µ 3 -1,1,1-N 3¯ ions in 2. The L 1¯ ligands are singly deprotonated (via loss of the phenolic proton) and link the wing-tip ions to the central body metal ions, bridging in a η 1 :η 2 :η 1 :µ-fashion (Fig. 1) . The four L 1¯l igands lie alternately above and below the near planar core 45 formed by the four metal centres. The central µ 3 -bridging ions lie out of the [Na 2 M 2 (µ 3 -L) 2 ] plane as illustrated in Fig. S1 . The coordination spheres of the wing-tip metals are completed by the chelating NO 3¯ ions (1) and neutral MeCN solvent molecules (2) also observed between the six coordinate body Na + ions (Na1 and symmetry equivalent. s.e.) and nearby -CH 3 protons (H1A and s.e) on adjacent cluster units at a distance of 3.192 Å. These inter-molecular interactions occur in all three directions to give the brickwork packing motif shown in Figure S2 . 75 On closer scrutiny of the crystal structure of 1 it becomes apparent that there are numerous inter-molecular H-bonding interactions. The non-bonded O-atom (O7, Figure 1) 85 superimposable chains which traverse the bc plane of the unit cell (via the acceptor atoms O6, O7 and O8). These individual hydrogen bonded chains are then linked via the aformentioned O7 … H-C interactions in both the two remaining directions ( coordinate Na + ions (Na1 and s.e) of distorted octahedral geometry occupy the equatorial positions, and the two Ni II (Ni1 and Ni2) ions (also in distorted octahedral geometries) are located in the two axial positions. The six L 1¯ anions each span one of the six axial Ni … Na vertices of the trigonal bipyramidal core, 15 employing the rather unusual η 1 :η 3 :η 1 ,µ 3 -bonding mode. More specifically, the phenoxide O-atoms (O1 and O4) link the axial Ni II centres to the equatorial Na + ions as well as forming bridges between the Na + ions around the equatorial plane of the molecule (Fig. 2 ). An inversion centre is located at the centre of the triangle 20 formed by the three equatorial Na + ions. The Na-O bond distances lie in the 2. (Figure 6 ). Its core can be described as a highly distorted {Mn 4 O 4 } cubane which, when viewed along the Mn1-O13 vertex, exhibits psuedo three-fold symmetry. The Mn centres occupy alternate corners of the distorted cube. Mn-O bond lengths, bond valence sum (BVS) calculations (Table S4) The formation of complex 5 illustrates that the addition of a 25 [relatively] strong base in such reactions is not imperative, but a base of some sort -even the acetate present in the starting material -appears to be required. Reactions in the absence of base produced no isolable products for any other paramagnetic 1 st -row transition metal. producing Ni1-O2-Ni1 angles ranging from 96.50 to 98.32, while the four singly deprotonated L 2¯ ligands chelate the four metal centres. The distorted octahedral geometries of the metal ions are completed by terminal MeOH solvent molecules (Fig. 8) . The alcoholic protons of the latter (H1 and s.e) partake in intra- (Fig. 9) 
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group on the latter. This C=NH imine group (labelled as N1-H1 on L 2 H in 6) lies in close proximity to the adjacent bridging μ 3 -OEt ligand
Magnetic Susceptibility Studies
The dc molar magnetic susceptibilities, χ M , of polycrystalline samples of 1, 2, 4, 5, and 6, were measured in an applied magnetic field, B, of 0.1 T over the 5 to 300 K temperature (T) range. The experimental results for complex 1 are shown in 35 Figure 10 in the form of the χ M T product, where χ = M/B and M is the magnetisation of the sample. At 300 K, the χ M T product of 1 has a value of 6.36 cm 3 mol -1 K, significantly lower than the expected spin-only value of 8.75 cm 3 mol -1 K (for g = 2.0). On cooling, the χ M T product drops, reaching 0.11 cm 3 mol -1 K at 5 K.
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This behaviour is indicative of antiferromagnetic exchange between the Fe III centres in 1. We have used the isotropic spinHamiltonian (1) to model the magnetic properties of complex 1:
 where i and j are integers that index the constitutive single-ions in 45 1, J is the isotropic exchange interaction parameter, Ŝ is a spin operator, μ B is the Bohr magneton and g is the g-factor. SpinHamiltonian (1) is given here in a general form because it will be used in further sections to model the magnetic properties of complexes 2, 4, 5 and 6. For the numerical diagonalisation of the 50 matrix representation of spin-Hamiltonian (1), for all studied complexes, we used home written software (ITO-MAGFIT 24 ) and spin-Hamiltonian (1) was fitted to the experimental data by use of the Levenberg-Marquardt algorithm. 25 For 1, this resulted in the best-fit parameter: J Fe-Fe = -6.4 cm 26 The obtained best-fit curve is shown as a solid line in Figure 10 . K is slightly higher than that expected from the spin-only contributions from two non interacting Ni II centres (2.0 cm 3 mol -1 K for g = 2). Upon cooling, the χ M T product of 2 rises to reach a maximum of 3.74 cm 3 mol -1 K at 17 K. This behaviour is 15 indicative of ferromagnetic exchange between the constitutive Ni II ions. Below 17 K, the χ M T product of 2 decreases to reach 3.61 cm 3 mol -1 K at 5 K (Figure 11 ). To better determine the low temperature behaviour of 2, variable-temperature-variable-field (VTVH) magnetisation data were collected on polycrystalline 20 samples of 2 (Figure 11, inset) , in the temperature and field ranges 2 to 7 K and 0.5 to 7.0 T, respectively. The χ M T product of 2 was numerically fitted to spin-Hamiltonian (1), in the same way as for 1, to yield the best fit parameter: J Ni-Ni = 8.0 cm -1 , keeping the g-value of Ni II fixed to g Ni = 2.2, this g-value being the one 25 that provides the best agreement with experiment when g Ni is varied in the interval g Ni = 2.0 to g Ni = 2.2. The obtained best-fit curve, which also includes corrections for diamagnetism (of the order of -2 x 10 -3 cm 3 mol -1 ) that make the calculated χ M T product fall slightly below the experimental value at room temperature, is 30 shown in Figure 11 as a solid line. For the fitting of the VTVH magnetisation data of 2, we used spin-Hamiltonian (2):
where Ĥ iso refers to spin-Hamiltonian (1), D is the uniaxial anisotropy parameter of centre i (Ni II for 2) and S the total spin of 35 centre i (S = 1 for 2). Spin-Hamiltonian (2) was fitted to the experimental data by use of the simplex algorithm, 25 29 The model systems that we use are rings consisting of Mn III ions that are antiferromagnetically coupled only to their first neighbours via the monoatomic Cl -bridges. The nuclearity of these model systems ranges from 2 to 9. Our analysis was limited to nuclearity 9 because we block-75 diagonalise spin-Hamiltonian (1) by exploiting only the symmetries related to the total spin, S, and its projection along the quantization axis, S z . For model rings containing more than 9 Mn III centres, exact matrix diagonalisation as implemented in ITO-MAGFIT, 24 is not possible. Furthermore, we have fited spin-
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Hamiltonian (1) against the experimental data only in the temperature range 300 to 20 K to avoid anisotropic terms, of the type expressed in spin-Hamiltonian (2), becoming important. The best-fit curve obtained for a model system of nuclearity 9, is shown as a solid line in Figure 12 . The best-fit curves for model systems of nuclearity less than 9 are very similar to the one shown in Figure 12 . In the inset of Figure 12 are shown the bestfit J Mn-Mn parameters for model systems of varying nuclearity in the range 2 to 9. Notice, that for odd and even nuclearity model systems, the best-fit J Mn-Mn parameters converge asymptotically to 10 a limit value but from different sides of this limit, expressing the fact that at infinity, there is no difference between odd and even nuclearity and that the limit value at infinity is the same irrespective of the parity. In addition, one should notice that the dinuclear model system does not behave like an even mebered 15 ring. The best-fit J Mn-Mn parameter for the 8-and 9-member rings are -6.8 and -6.9 cm -1 , respectively. Thus, the best-fit J Mn-Mn parameter for 4 lies within this interval.
The dc molar magnetic susceptibility data for 5 are shown in Figure 13 scheme employed). The obtained best-fit curve is shown in Figure 13 as a solid line. Under these conditions the ground spinstate of 5 is an S = 9/2 spin-state, as expected for this class of compounds. 1c, 20 As in the case of 2, to better determine the low temperature behaviour of 5, VTVH magnetisation data were 35 colected on a polycrystalline powder sample of 5 (Figure 13 , inset), in the temperature and field ranges 2 to 7 K and 0.5 to 7.0 T, respectively. Spin-Hamiltonian (2) was fitted to the experimental VTVH magnetisation data of 5 as previously described. The best-fit parameters were D MnIII = -1. to reach a maximum of 13.06 cm 3 mol -1 K at 14 K, before 55 decreasing to a value of 12.34 cm 3 mol -1 K at 5 K. This behaviour is indicative of ferromagnetic interactions operating in 6, the low temperature decrease of the χ M T product of 6 probably being due to the uniaxial anisotropy of Ni II , D Ni(II) . The χ M T product of 6 was numerically fitted to spin-Hamiltonian (1) to yield the best fit 60 parameter: J Ni-Ni = 5.6 cm -1 , keeping the g-value of Ni II fixed to g Ni = 2.2 (see Fig. S6 for the model scheme employed). The obtained best-fit curve is shown in Figure 14 as a solid line. Under these conditions the ground spin-state of 6 is an S = 4 spinstate. To better determine the low temperature behaviour of 6, 65 VTVH magnetisation data were collected on a polycrystalline sample of 6 (Figure 14, inset) , in the temperature and field ranges 2 to 7 K and 0.5 to 7.0 T, respectivelly. Spin-Hamiltonian (2) was fitted to the experimental VTVH magnetisation data of 6, as previously described. The best-fit parameter was D Ni(II) = 4.6 cm -70 1 , J Ni-Ni being kept fixed to the best-fit value obtained by fitting of the χ M T product of 6. The best-fit curves to the VTVH magnetisation data of 6 are shown as solid lines in the inset of Figure 14 . It should be noted here that the sign, and to a lesser extent the magnitude, of the uniaxial anisotropy parameter, D Ni , is 75 undetermined by fitting of the VTVH thermodynamic magnetisation data of 6. To determine the sign and magnitude of D Ni with more precision, spectroscopic methods such as electron paramagnetic resonance should be employed. temperature (at various magnetic fields) plot of 6. Solid red lines represent best fit to the experimental data.
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Concluding Remarks
We have shown how reactions of the Schiff base ligand 2-iminomethyl-6-methoxy- (2)) ions occupying the wingtip and body positions, respectively. The introduction of the perchlorate anion into the reaction mixture gives rise to the (5) and [Ni 4 (µ 3 -OMe) 4 (L 2 ) 4 (MeOH) 4 ] (6). Magnetic studies of 5 and 6 indicate ground spin states of S = 9/2 and S = 4, respectively. In conclusion we have demonstrated that both major and minor 25 modifications to a reaction synthon, can lead to the formation of wholly different complexes of varying topologies and magnetic properties. Such systematic studies are fundamental to our knowledge base as we rapidly progress in the pre-design era we now enjoy in the field of molecular magnetism.
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Experimental Section Physical measurements
Infra-red spectra were recorded on a Perkin Elmer FT-IR Spectrum One spectrometer equipped with a Universal ATR Sampling accessory (NUI Galway). Elemental analysis were 35 carried out by Marion Vignoles and Gerard Fahy of the School of Chemistry microanalysis service at NUI Galway. Variabletemperature, solid-state direct current (dc) and alternate current (ac) magnetic susceptibility data down to 1.8 K were collected on a Quantum Design MPMS-XL SQUID magnetometer equipped 40 with a 7 T dc magnet (University of Edinburgh). Diamagnetic corrections were applied to the observed paramagnetic susceptibilities using Pascal`s constants. 45 All reactions were performed under aerobic conditions and all reagents and solvents were used as purchased. 05 g, 1.25 mmol) , the solution went from yellow to black. The black solution obtained was stirred for 4 h at room temperature and then filtered. X-ray quality crystals of 4 were 
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X-ray crystallography
Diffraction data on 5 was collected at 150 K on a Bruker Smart Apex CCDC diffractometer, equipped with an Oxford Cryosystems LT device, using Mo radiation. The structures of 1-55 4 and 6 were collected on an Xcalibur S single crystal diffractometer (Oxford Diffraction) using an enhanced Mo source. Each data reduction was carried out on the CrysAlisPro software package. For more detailed refinement information please consult the ESI. Full details can also be found in the 60 CCDC files 936642-936647.
